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Abstract
The objective of this thesis was to develop a novel bidirectional soft actuator for use in
bioinspired and wearable robotic devices by investigating the effects that electromagnetic and
material properties have on displacement. Findings from the thesis have the potential to
significantly advance the field of soft robotics by demonstrating the viability of using
elastomeric materials and magnetic fields as the driving mechanism for a new soft actuation
method.
The three primary aims were to develop uniform electromagnetic coils for actuation, to
create soft cores to be combined with the electromagnetic coils to bolster the magnetic field and
to study the displacement of the embedded assembly in an elastomeric material, effectively
creating a soft solenoid capable of bidirectional actuation. In practice, this was a success. The
winding process for coils was improved for creating uniform coils with a 3D printed winder and
the cores were tested for their magnetic field strength based on varying weight fraction of
particles. Two final actuators were made to test for differences in displacement based on mixing
ratio changes in the material fabrication processes. Ecoflex 00-20, (Smooth-On Inc.: Macungie,
PA) made using a 1A:1B mixing ratio, was found to perform approximately 25.2% better in
compression and about 52.5% better in repulsion (based on average values) than the actuator
made using a 1A:2B ratio. The final device was capable of average displacement values of 0.135
mm in compression and 0.158 mm in repulsion.
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Chapter 1 – Introduction
1.1 Motivation
When we think of robots, we image the large humanoid robots from Sci-Fi movies or
perhaps the popular robots created by Boston Dynamics (Waltham, MA), with their medium to
large structure, composed of large motors and rigid materials. However, these large and heavy
robots have lead researchers and scientists to study alternative materials and modes of actuation
or movement to try to alleviate some of the restrictions caused by the weight or material
properties. As such, a new and emerging field of robotics, known as soft robotics, has begun to
gain popularity. Soft Robotics is a new field of robotics, in which materials, such as elastomers,
are used to create the body and different modes of actuation, such as pneumatic actuation, are
used to cause the robot to move [1]. The “soft” part of these robots comes from the elastomer
material and the stiffness of this material can be altered to the robot’s purpose or user’s
discretion. One mode of soft actuation, pneumatic actuation, however, comes with its own
restrictions. An example of this type of actuator is a McKibben Muscle, which uses compressed
air to expand tubing found inside a woven shell to restrict inflation and cause a linear actuation
[2]. However, this mode of actuation requires some sort of air supply or air compressor, adding
more weight and restrictions to the robot.
Another novel form of soft actuation being studied is Combustion-Driven Actuators, or
CDAs, which use the concept of ignition of combustible mixtures to cause a contained
combustion reaction inside a soft silicone chamber that can withstand the heat and stress of the
reaction [3]. However, this method of actuation creates larges force displacements that
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immediately turn off (like a pulse) and lack versatility for use in most applications. Unlike
McKibben Muscles, CDAs have a smaller footprint regarding the equipment needed for
actuation, but require combustible materials and a spark for combustion, creating safety
concerns.
There has been some research done using permanent magnets and electromagnets to
cause actuation, but these studies have been done mainly at a smaller scale and no studies embed
both magnet types for soft actuation.
The objective of the proposed research is to develop a self-contained actuator for
generation of linear motion in a soft robot that removes the need for motors or a pneumatic
system. The goal is to develop and characterize the performance of a novel bidirectional soft
actuator embedded with both permanent magnets and electromagnets for the use in bioinspired
and wearable robotic devices. The motivation to use elastomeric materials is that they have
inherit properties, such as heat resistance, electrical insulation, and has a history of being used
for biomedical applications. Additionally, iron oxide microparticles were selected due to their
small size, allowing for ease of mixing with the elastomeric materials, and their magnetic
properties. Some research has been done on mixing elastomeric materials and magnetic particles,
but with limited applications to soft robotics.
The development of a magnetic, bidirectional soft actuator provides a novel contribution
to the field of soft robotics. Although promising, there has yet to be substantial research into
using a combination of electromagnet and permanent magnets embedded in elastomeric
materials as a form of soft actuation. The work done in this thesis demonstrates the feasibility of
using this combination of magnets in a novel actuator.
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1.2 The Research Question
Electromagnets are known to increase in strength when an iron core is introduced,
allowing for magnetic fields found at the surface of the core to increase in strength [4]. However,
iron cores tend to be heavy and weigh down most applications. When combined with a
permanent magnet, electromagnets can provide compressive or repulsive motions, similar to a
solenoid. However, little research has been done to bring this concept into the field of soft
robotics, which leads to the research question: How do the elastomer selection and
electromagnetic properties affect displacement in a bidirectional soft actuator? Furthermore:
How viable is a soft magnetic actuator embedded in an elastomeric material?

This thesis seeks to address these questions through the following aims:
•

Develop an electromagnet coil using magnet wire and spool winder, allowing for
soft cores to be switched in and out of coil for testing.

•

Create a soft core using elastomeric materials and iron oxide particles, varying
particle concentration and determining any magnetic field changes.

•

Embedding the electromagnet (with a core) along with a permanent magnet in an
elastomeric material and testing for displacement, with a secondary target of 10%
displacement equivalent to other soft actuators like McKibben Muscles

9

Chapter 2 – Background
2.1 Literature Review
In recent years, the field of soft robotics has become more popular and has grown in
certain areas, such as prosthetic devices or assistive devices for physical rehabilitation [5][6].
However, in specific areas like assistive exoskeletal prosthetic devices, or “wearables”, and
bioinspired robotic devices, there is opportunity for devices which use electromagnetic actuation
as a new alternative actuators, which could help expand the types of actuators for soft robotics.
Research that has been done using magnetic particles or magnetic fields has been mainly focused
on smaller scale applications.
To provide support for the goal of this research and to create a baseline of current
applicable research, a literature review was performed. The following academic works are
presented for their relevance to using magnetic fields and elastomeric materials for actuation.
The current research seeks to address the gaps found in the existing literature through the
creation of a bidirectional soft actuator.
2.1.1 Magnetic Micro-actuator
De Bhailıś et al. [7] designed a prototype
device magnetic micro-actuator. The
principle of operation can be seen in
Figure 1 [7]. From Figure 1, we can see a
cross-section view of the micro-actuator,

Figure 1: Design of Micro-actuator [7].
Reprinted from Sensors & Actuators: A. Physical, vol. 81,
(1), D. de Bhailı́s et al, Modelling and analysis of a
magnetic microactuator, pp. 285-289, Copyright (2000),
with permission from Elsevier.
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along with the placement of the magnet and coils. The actuation in the device occurs when
current flows through the coils below, creating a magnetic field, which then interacts with the
magnet attached to the etched membrane. The interaction in turn creates a magnetic force that
attracts or repels the coils and magnets and causes the membrane to move. Results from the
study suggest that the use of a permanent magnet and electromagnetic coil can be used to create
motions for actuation.
One issue with this study is the lack of a proposed application since the study focused on
the analysis of the micro-actuator and the design for deflection. Another issue this paper had was
the constraints caused by the size of the device, limiting the device to smaller magnets and
smaller coil sizes.
2.1.2 Miniature Soft Electromagnetic Gripper and Soft Magnet Made with Magnetic Particles
Do et al. [8] created a miniature soft electromagnetic gripper by creating a coil out of an
elastomer and liquid metal, along with a soft magnet made of NdFeB magnetic particles mixed
with an elastomer. The fabrication process can be seen in Figure 2 [8], where Do. et al [8]
include comments in the caption. This study uses the same concept as De Bhailı́s et al. [7].
regarding the interaction between the magnetic fields of a coil and a magnet, to create actuation.
Do et al. [8] use of NdFeB particles presents a potential alternative to the use of a solid
permanent magnet with a soft one created from a mixture of elastomer and NdFeB particles.
However, similar to De Bhailı́s et al. [7], Do et al. [8] are constrained by the size of the
application they chose.
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Additionally, Do et al. [8] provides useful information about the curing process for
Ecoflex (60°C for 1 hr.) Seghir & Arscott [9] provide a more comprehensive study of various
ratios used for creating an elastomer (Sylgard 184) at two extreme temperatures and curing
times.

Figure 2: Fabrication Process for a Miniature Soft Electromagnetic Gripper [8].
Reprinted from Advanced Functional Materials, vol. 28, (18), T. N. Do et al, Miniature Soft
Electromagnetic Actuators for Robotic Applications, pp. 1800244-n/a, Copyright (2018), with
permission from Wiley.
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2.1.3 Mechanical Testing of PDMS (Sylgard 184) with Variations in Ratios
In their research, Seghir & Arscott [9] tested 45 samples of Sylgard 184 at 7 different
ratios, of pre-polymer to curing agent ranging from 19:1 to 2:1, the authors tested the initial
tangent (elastic) modulus, the Poisson’s ratio and the rupture elongation by creating dog bone
samples and using cyclic loadings on an Instron 5882 uniaxial testing machine [9]. Having tested
their samples, Seghir & Arscott [9] created the two plots, shown in Figures 3 and 4:

`
Figure 3: Elastic Modulus plot [9].
Figure 4: Rupture Strain plot [9].
Reprinted from Sensors and Actuators. A. Physical., vol. Reprinted from Sensors and Actuators. A. Physical., vol.
230, R. Seghir and S. Arscott, Extended PDMS stiffness 230, R. Seghir and S. Arscott, Extended PDMS stiffness
range for flexible systems, pp. 33-39, Copyright (2015), range for flexible systems, pp. 33-39, Copyright (2015),
with permission from Elsevier.
with permission from Elsevier.

Seghir & Arscott [9] concluded that the stiffness of 1 mm thick PDMS samples can be tuned
from 800 kPa to 10 MPa [9], which is the largest stiffness range reported to date [9].
Additionally, Seghir & Arscott [9] speculated that the 2:1 ratio, combined with the appropriate
curing process, could enable a user to explore the whole stiffness range from 800 kPa to 10 MPa
[9]. Seghir & Arscott [9], however, provided minimal information regarding their process to
avoid bad molds, which tend to have air bubbles trapped during the mixing process of the
elastomer. As such, one can look to Ye et al. [10] for more information regarding the molding
process for elastomers to achieve higher quality molds.
13

2.1.4 Effects of Vacuum and Temperature on Elastomer Curing
Ye et al. [10] tested two major factors in their research that could affect the quality of
casting for elastomer materials. The factors investigated are the degree of vacuum used in
degassing phase and the curing temperature in the solidifying phase [10]. Ye et al. mentioned
their choice of elastomer (ESSIL 291 [10]), along with the effects of varying vacuum pressures
and temperatures in tabular form. In conclusion, Ye et al. found that a “A higher vacuum degree
… will improve the physical properties of PDMS mold; whereas a lower curing temperature …
will decrease the compression modulus but increase other performance parameters of the PDMS
mold, such as tensile strength, tear strength, elongation at break, and shrinkage [10].”
2.1.5 MREs with Variations in Iron Particles and their Effects on Magnetic Field Intensity
In order to create a soft core, some information regarding the mixing of an elastomer with
ferrous particles was explored. Regarding this information, we can look at the work done by Tian
et al. [11] and their study on magnetorheological elastomers, or MREs. MREs are a group of
smart materials, which use polarized particles suspended in a non-magnetic solid or gel-like
matrix [11]. In their study, Tian et al. [11] used Sylgard 184, at a weight ratio of 10:1, and then
mixed carbonyl iron particles (C3518) as their filler material. Using this combination of
materials, Tian et al. [11] created 4 different samples with varying weight fraction of iron
particles (60%, 70%, 80%, and 90%). With these samples, Tian et al. [11] were able to perform
various tests such as dynamic tests (strain amplitude sweep and angular frequency sweep), steady
state tests and magnetic field intensity sweep [11]. Of these tests, the magnetic field intensity
sweep was of interest, as a larger field in an MRE could lead to larger ranges of motion in a
magnetic actuator design.
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Tian et al. [11] concluded that the sample with a higher iron particle concentration had a
higher relative MR effect [11]. Additionally, they found that, despite the change in iron
percentage in the PDMS, the value for the Storage Modulus of the 70%-90% samples, did not
change, demonstrating that the mechanical properties of the PDMS contribute the most to the
MREs stiffness [11]. These results were used as a guideline for the weight fraction of particles to
use in creating the soft cores, since the results showed that samples can be prepared with a higher
weight percentage of a ferrous particle, such as iron.
2.1.6 Actuator Inspiration and Information Regarding Experimental Setup
Kashima et al. [12] describe a
novel electromagnet which is embedded
in a silicone elastomer and then covered
by a magnetic elastomer. Their paper
provides abundant information
regarding the testing of a soft actuator,
including the study of displacement and

Figure 5: Displacement Measurement Setup [12]. © [2012] IEEE.

attractive force. This creates a reference for setting up testing of similar materials. Figure 5
demonstrates the setup used by Kashima et al. [12] for their displacement test.
Kashima et al. [12] also describe the
operating principle for their soft actuator. The
principle can be seen in Figure 6. Since the
MRE provides a higher permeability surface,
the magnetic flux flows through the path of
Figure 6:Operating Principle for a Soft Actuator [12].
© [2012] IEEE.

least resistance. The flux causes the MRE to
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become magnetized near the poles of the core of the electromagnet and therefore creates a
contraction motion where the magnetic flux is concentrated [12]. However, Kashima et al. [12]
does not mention whether their electromagnet has a soft core nor the use of a permanent magnet.
2.1.7 Gaps in Literature
The previous studies mentioned in literature provide useful information, however gaps
remain. De Bhailıś et al. [7] provide a concept for actuation using a magnet and electromagnet
but did not provide an application for the concept. Additionally, their concept was constrained by
the target size they chose, leading to smaller forces present in the system, which Do et al. [8] also
chose. Kashima et al. [12] provide an application combining most of the previously mentioned
literature. However, they lack the use of a soft core and do not mention repulsion. Their
mentioned actuation is caused by contraction of their MRE material. This thesis addressed these
issues and employed various parts from the provided literature to develop a novel bidirectional
soft actuator.

Chapter 3 – Methods
In this chapter, the materials and methods for the research that was done are detailed.
Section 3.1 provides information on early work, manufacturing of prototypes and design of the
final embedded bidirectional actuator.

3.1 Preliminary Work
The objective of the study was to determine how the elastomer selection and
electromagnetic properties affect displacement for a bidirectional soft actuator, which could be
used for bioinspired robotics devices and wearables. Inspiration for the actuator design came
16

from electromagnetic coils and their ability to increase in strength when adding a solid core.
Keeping the system as “soft” as possible, a soft core was to be made and tested, starting with coil
creation and extending into a fully embedded system which would displace a magnet in an
elastomeric material.
3.1.1 Basic Coil Development
A simple coil was created by coiling 30 AWG wire
(BNTECHOGO: Los Angeles, CA) by hand around a small
100 mL beaker, using the beaker to keep a consistent inner
diameter for the coil, reaching a value of 400 turns.
Removing the coil from the beaker, however, proved to be a
challenge due to the tension each turn created around the
beaker. This caused some of the wire to be displaced around
the outer diameter. Figure 7 shows the handmade coil

Figure 7:First Attempt at Coil
winding by hand.

condition, once removed. Additional wire length was left for the coil ends, allowing for
wrapping of the coil as seen in the figure. This was done to try to maintain the shape of the coil
as best as possible. Removing the insulation from the tips of the coil ends, the wire was exposed
and then connected to a power supply. The simple coil turned out to be a success, attracting
small screws and magnets. The key information gained from this experiment was that the
manufacturing of the coils would need to be improved, to deal with the tension from each turn
and reduce the time to make each coil, which currently took 1 hour, from start to removing it
from the beaker (which was the most difficult).
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To improve the coil
development, a 3D printed coil
winder, seen in Figure 8, was
designed to help reduce the issues
with tension and construction time.
Typically, coil winders are used to
transfer wire from one spool to
another. However, for this

Figure 8:Finalized 3D printed Coil winder used for making uniform
coils

application, the transferred wire
would need to keep its shape but also be removeable to be used as a coil. As such, a modular
approach was used for the winding section, allowing for the spool to be removed from the
winder. Additionally, the design for the spool itself was iterated, to deal with the tension from
the coil. A separating spool was used as the final design, allowing the coil to separate to reduce
the tension, but keep its shape. A continuous servo along with push buttons on a solderless
breadboard, for forward and reverse, were used with an Arduino Uno to control the winding
processes. Although the process was not autonomous, it reduced the coil creation process
drastically to about 25 minutes from start to finish. A total of 9 coils were made for experimental
testing, 3 each were made of 28 AWG, 3-30AWG, and 3-32 AWG wire. The coils were made
with inner diameters slightly larger than the core, allowing for cores to be switched out for the
experimental testing. The coils were tested for current loss after a minute of operation at 1.5 A of
current. They were also tested for the amount of heat produced during a minute of operation time
at 1.5 A of current. The data was acquired using thermocouples on 3 different location.
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A second source of inspiration for the overall construction of the actuator design was
based on the work done by Kashima et al., where they made an actuator using silicone
elastomers and carbonyl iron particles.

Figure 9:Actuator layout proposed by Kashima et al.
[12]. © [2012] IEEE.

Figure 10:Operation principle proposed by
Kashima et al. [12]. © [2012] IEEE.

Figures 9 and 10 show the structure of the actuator and the operation principle,
respectively, proposed by Kashima et al. Using elastomeric material, a coil and core were
embedded and used magnetic field attraction to cause a layer of Magnetorheological elastomer
(MRE) to be pulled towards the iron core. This led to the overall design the actuator in this
research is based on. Kashima et al. do not mention the use of a soft core or embedded magnets.
Figure 11 demonstrates a visual concept for the goal of the research.

Figure 11:Visual Concept and Operating principal for the proposed actuator.
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The schematic in Figure 11 shows that the core (3) would be placed within the coil (4)
and then embedded some distance away from the magnet (1), in order to displace some material
in the elastomer (6). This would be caused by the magnetic field (5) interaction between the coil
and magnet (2), allowing for either contraction or repulsion (7) based on the direction of current
in the coil. Once the concept for the actuator was finished, the next objective was to determine
the material that would be used for the core and embedding and the methods that would be used
to develop the final actuator device.
3.1.2 Magnetorheological Elastomer Core Development
Common materials, described in the literature, that are commonly used from
magnetorheological elastomers were found to
be Sylgard 184 (Dow Corning: Midland, MI)
and Ecoflex 00-30 (Smooth-On; Macungie,
PA). As such, these two materials, along with
Ecoflex 00-20 (Smooth-On; Macungie, PA),
were chosen for initial samples. All referenced
Figure 12:Oxidation of particles in Sylgard (2:1) core
sample

ratios in this study refer to the material mixing

ratio. For example, for Sylgard 184 the first number refers to the silicone elastomer material and
the second number refers to the curing agent [13]. For Ecoflex, the first number refers to Part A
and the second number refers to Part B [14]. These materials were then mixed with iron oxide
(Fe3O4) (Alpha Chemicals: Cape Girardeau, MO) and iron filing particles (Aldon Corporation:
Avon, NY) to make 3 initial core samples. The 3 initial cores which were made were: Sylgard
184 (2:1 with 60% Fe3O4), Ecoflex-20 (1:1 with 60% Fe3O4), Ecoflex-30 (1:1 with 60% Fe3O4).
Due to Sylgard 184 manufacturer ratio(10:1) being too stiff, a different ratio, found in the
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literature, of 2:1 was used, which was believed to provide a softer alternative than 10:1. Despite
the change in mixing ratio, the 2:1 ratio was immediately found to still be too stiff for the
proposed application. Additionally, oxidation in the added particles occurred in the sample, as
shown in Figure 12.
Due to this, Sylgard 184 was discarded as a material option for the proposed application
and the softer materials, Ecoflex 00-20 and 00-30 were considered since both were readily
available.
Since Ecoflex 00-30 was available in the lab, this elastomer was tested first to visually
inspect the samples properties. Ecoflex 00-20 was obtained later and was found to be noticeably
softer than the Ecoflex 00-30. As a verification of this, a Hardness table [15] from the
manufacture was found, as shown in Figure 13. Both Ecoflex 00-20 and 00-30 are considered
“Extra Soft” materials. Due to noticeable tactile differences in softness, the material choice for
future cores was reduced to Ecoflex 00-20.

Figure 13:Ecoflex Shore Hardness scale demonstrating comparable items [15].
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A 3D printed mold was created for creation of the core samples. The samples were
prepared by mixing equal parts A and B (by weight) and manually stirring for 3 minutes
(recommended time by the manufacturer).
The amount of material needed was calculated by finding the volume equation for a right
cylinder where

𝑉 = 𝜋 ∗ 𝑟 2 ∗ ℎ (𝑖𝑛3 )

[1]

The Specific Volume (SVol) of Ecoflex 00-20, which is 26 in3/lb., was the weight of the
material needed and was found using Weight = V/SVol. This weight equation provided the
weight in pounds, which was then converted to grams and divided by 2, to determine how much
material of parts A and B were needed.
Based on the weight used, a percentage amount was calculated to determine the weight
of particles needed for the mixture. The particles were then added and mixed for another 3
minutes. The mixture was then poured into the mold and placed in a vacuum. Ye et al. [10]
found that the use of vacuum improves the physical properties of the PDMS mold. Additionally,
the Ecoflex manufacturer
recommends vacuum degassing to
eliminate any entrapped air, for at
least 3 minutes. During the vacuum
process, expansion of the material
was found to be very aggressive and

Figure 14:Core indentation caused by aggressive vacuum (material
vacuumed in mold).

almost poured over the mold. This caused the final produce to cure with an indentation on the
top, as shown in Figure 14.
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Due to this issue, a new mold was designed to deal with the expansion of the material
during the vacuum degassing. However, this proved to be unsuccessful, as the material expanded
into the design of the new mold and left a larger cavity on at the top of the core, which can be
seen in Figures 15 and 16.

Figure 16: Core removed from
mold in Figure 15.

Figure 15: Material expansion present in
new mold.

To improve the process, the Ecoflex and particles were mixed at the same time for 3
minutes and then vacuumed in the mixing container. The mixture was then slowly poured in the
mold after vacuuming, to avoid trapped air. The mold was then tapped on a table a few times, to
allow any air to escape. Gravity allowed the material at the top to settle during the curing phase.
This process is further detailed in the Final Manufacturing Methods.
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This process proved to be a lot more successful, with more uniform surfaces on the top
and can be seen in Figures 17-18 and 19-20.

Figure 17: Final improved Fe3O4 core
sample with improved top surface
condition.

Figure 18: Final improved Fe3O4 core
sample with smooth bottom surface

Figure 19: Final improved iron filling
core sample with improved top surface
condition.

Figure 20: Final improved iron filling
core sample with smooth bottom surface.

The improved process created core samples with a height of 25.4 mm and diameter of
31.75 mm. Tabs on the side of the cores were used to remove the cores from the molds. Despite
the improvement in the core’s top surface, the bottom of the core was found to have a smoother
finish, taking on the mold’s surface. Additionally, when a magnet was brought close to the cores
in Figures 18 and 20, the bottom surface was found to have a slightly stronger magnetic
attraction than the top. This was most likely due to the Fe3O4 and iron filing particles settling to
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the bottom of the mold during curing. For the intended application, the bottom of the actuator
was thus chosen as the main surface for interaction with the permanent magnet. In future work,
where a there could be a magnet on the bottom and top of the core, faster curing, such as in an
oven, could be implemented to avoid settling of particles.
Using the improved process for creating cores, a total of 8 cores were made for
experimental testing. Using Ecoflex 00-20, 4 cores were made using Fe3O4 particles, with 60%
weight fraction (w.f.) to 90% w.f., and 4 were made using iron filing particles, with 60% w.f. to
90% w.f. Cores made from Fe3O4 particles can be distinguished by their black color as seen in
Figure 17, while those made from iron filings display a more brownish color as seen in Figure
19. After the curing phase, the Fe3O4 cores were found to get stiffer as the w.f. of particles
increased. Another physical effect that was apparent in the Fe3O4 cores was the presence of air
bubbles on the exterior surface of the core as the w.f. of particles was increased. This is believed
to be caused by the fact that the mixed Ecoflex with a higher w.f. of particles is more viscous, as
previously mentioned, and prevents air bubbles from being removed during the vacuum
degassing phase.
In comparison, after the curing phase, the iron filing cores were found to retain their
flexible property, despite reaching 90% w.f. Additionally, the post-cured quality of the cores
appeared higher than that of the Fe3O4 cores, with no air bubble defects on the surface. Unlike
the Fe3O4 particles, during the mixing phase, the iron filings did not show any apparent effects on
the viscosity of the Ecoflex material, allowing for better removal of air bubbles during the
vacuum degassing phase. However, particle settling was more apparent in the iron filing cores,
as the bottom of the cores demonstrated a stronger interaction with magnets than the top surface.
Again, since the interest for the actuator application lies in the stronger interaction between
25

magnetic fields, the bottom of the core was used for the interaction with the permanent magnet
for the experimental testing. Future investigation is recommended to determine the effects of the
magnetic particles on the physical properties of the samples, such as the elastic modulus or
Poisson’s ratio.
3.1.3 Coil and Core preliminary testing
The coil spool winder was designed with an outer diameter of 33.02 mm, allowing for
approximately 2 mm of clearance for the core. The gap was intentionally made as small as
possible, to reduce the amount of air between the core and coil, to simulate a proper iron core.
Since the cores are made of a soft and flexible material, which can be seen in Figures 21 and 22
they can easily be swapped for testing purposes.

Figure 21: Fe3O4 core example of stiffness
(with no applied compression)

Figure 22: Fe3O4 core example of stiffness
(with applied compression)
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Since there were 8 cores and 9 coils, multiple combinations were made for testing based
on heat production and magnetic field strength. The use of these soft cores demonstrated an
increase in the strength of the coil, attracting magnets from a further distance and allowing for a
surface for objects to stick to, instead of the sides of the coils. As previously mentioned, the
bottom surface of the cores will be used to interact with the permanent magnet that is to be used.

3.2 Final Manufacturing Methods
The materials chosen for the final prototype of bidirectional soft actuator are Ecoflex 0020 for the embedding material, Ecoflex 00-20 mixed with Fe3O4 particles for the electromagnet
core, 28 AWG wire for the coil and NdFeB N52 permanent magnets.
3.2.1 Final Coil Development
For producing even coils, with minimal effects to the outer and inner diameter, using a
coil winder is recommended. Although this requires the user to spend their attention on the coil,
it ensures even winding and reduces coil winding when compared to hand winding (25 minutes
vs 1.5 hours).
Once removed from the spool, the wire ends
can be used to wrap around the coil, to keep its
shape. As seen in Figure 23, the wire ends were
wrapped 3 to 4 times opposite to each other.
NOTE: This will cause the overall height the coil to
decrease due to the wrapping tension. This will also
depend on the wire gauge, as 32 AWG is thinner
and can be compressed more than 28 AWG.
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Figure 23: Final coil example with uniform
turns (made on the 3D printed winder in Figure
8)

3.2.2 Magnetoactive Core
Multiple magnetic cores were made using Ecoflex 00-20 and either Fe3O4 particles (0.3
μm in diameter [16]) or iron filing particles (50 mesh ~ 297 μm [17][18]). Cores were made
using the following process:
•

Combine Ecoflex 00-20 parts A and B in a cup at a 1:1 ratio by weight.

•

Add desired particles to the Ecoflex 00-20 by the desired weight fraction percentage.

•

Stir the mixture for 3 minutes, or until there are no clumps of particles. NOTE: The
stirring time may vary depending on the dimensions of your cup container.

•

Place the cup with the Ecoflex mixture in a vacuum chamber for 5 minutes. NOTE:
Material will expand significantly during the degassing phase.

•

Evenly pour the mixture into the desired core mold for the curing phase. The mold used
in this project was 3D printed using PLA and was a simple cylinder with a height of 25.4
mm and diameter of 31.75 mm.

•

Ecoflex 00-20 fully cures at room temperature (73°F/23°C) in 4 hours. NOTE: It is
recommended that mold is designed with demolding in mind, allowing for ease of
removal for the core.
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3.2.3 Core and Coil assembly
Due to the core’s material properties, the core can easily be squeezed through the middle
of the coil. Since the core’s outer diameter and the coil’s inner diameter are very close, it will
take some time and patience to insert the core. However, this will ensure that the core can act as
a solid iron core, minimizing the air gap between the core and coil and increasing the magnetic
field strength at the surface of the core. For an even magnetic field, ensure that surface to be used
is flat and even.
3.2.4 Embedding procedure
For the experimental testing, the core and coil assembly were embedded in Ecoflex 0020, with one sample being made with a 1:1 ratio and another using a 1:2 ratio. A 3D printed
mold was designed to match the outer dimensions of the soft actuator in the shape of a larger
cylinder. The cylinder’s radius was made to be 46.99 mm and 50.8 mm in height. To embed the
core and coil assembly, along with the permanent magnet, the embedding process was done in
phases. The first phase was an initial pour of material, prepared using the methods describe in
3.2.2 (without particles). Enough material was prepared to pour material at a depth of 6.35 from
the bottom of the mold. After 2 hours, the material was found to be cured enough to place the
core and coil assembly onto of the base. For phase two, a volume calculation was used to
determine how much material would be needed after subtracting the volume needed for the
core/coil assembly. After determining this volume, an additional amount of spacer material was
added between the core’s surface (3) and the permanent magnet (2), which can be seen in Figure
11. The spacer material was added for compression testing. Once this material was poured and
the core/coil assembly was embedded, the partial assembly was allowed to cure for 2-hours prior
to adding the permanent magnet. In phase 3, the permanent magnet was added and placed above
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the spacer material. The necessary amount of material was determined to embed the magnet and
was left to cure for 4 hours, as this would allow the rest of the material in the mold to also finish
curing. The material is inherently flexible in nature; thus, the actuator was easily pulled out from
the mold after curing.

3.3 Initial Testing
Figure 24 demonstrates an early prototype, which was used to help visualize the overall
layout of the final embedded actuator. For
this prototype, a coil made of 28 AWG with
500 turns was assembled with a core mixed
with Fe3O4 particles (60% weight fraction).
The spacer material was made by creating a

Figure 24: Early Prototype for visualizing actuator layout
before embedding

core with no particles and was then cut
down to a 12.7 mm thickness, to simulate material cured in-between the core and magnet. When
1.5 A of current was applied to the coil, the magnet compressed the material below it by
approximately 0.25 mm.

3.4 Experimental Procedure
Before testing for the soft actuator’s bidirectional displacement, preliminary tests were
done to better understand the fundamental properties of each element that was to be embedded.
The tests performed include: the coil’s current loss, the coil’s heat gain, and the magnetic field
strength of the various cores.
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3.4.1 Coil Current Testing
The measurements for the current testing were done by allowing 1.5 A to travel through
each coil for one minute. During this time, the current values were recorded every 10 seconds
and repeated 3 times for a total of 27 measurements for each coil. 3 coils of varying gauge were
tested (28, 30, and 32 AWG), with each coil having 400 turns. Between each test, the coil was
allowed to return to room temperature before recording the next set of measurements. The values
are depicted in graphical form in Section 4.1 Coil Testing.
3.4.2 Heat testing
The measurements for the heat testing of the coils were done using 3 thermocouples on a
HH374 Data Logger (OMEGA Engineering Inc.:
Stamford, CT). For this test, a 28 AWG coil with
500 turns was used in combination with 4
different cores: Fe3O4 (60% vs 90% w.f.) and iron
filings (60% vs 90% w.f.). This was done to
determine if the difference in particle
concentration would influence the heat found on
the core’s surface. Two configurations were
Figure 25: Thermocouple placements: T1-Top
surface, T2- Outside (on the coil), and T3- Inbetween the Coil and Core.

tested, one in-air and one embedded. This was

done to determine the effects of the surrounding material on heat absorption, as heat can
influence magnetic field effectiveness. As temperature increases, atoms are sped up, causing
magnetic domains spinning in the same direction to decrease [19]. Most N-type neodymium
magnets have a Max. working temperature of 80°C or 176 ° F [20]. Thus, information regarding
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the heat between the core’s surface and permanent magnet is necessary as this temperature is of
concern.
For the in-air test, heat was recorded on the samples over a period of 10 minutes. The
power supply was turned on for one minute with 1.5 A of current, allowing the coil to heat up.
After one minute, the power supply was turned off and the coil was left to return to room
temperature while data was being collected. The points at which measurements were taken can
be seen in Figure 25: T1-Top surface, T2- Outside (on the coil), and T3- In-between the Coil and
Core. The process was repeated for all 4 cores, producing the figures shown in section 4.1.2 Heat
testing on coils (In-air).
For the embedded heat testing, only two final actuators were able to be tested, due to
material availability. The two samples were embedded using Ecoflex 00-20 and contained a 28
AWG coil with 500 turns. One sample contained a core of Fe3O4 (90% w.f.) and the other
contained a core of iron filings (90% w.f.). Ten minutes of data was obtained for the embedded
samples using a similar procedure.
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Figure 26: Side view of Embedded actuator with
T2- Outside (near coil).

Figure 27: Embedded actuator with T1-Top surface and
T3- Stuck into material (above coil location).

Thermocouple placement was slightly changed from the ones used in the In-air testing,
due to the embedding material. The new placement was made to resemble the In-air testing as
close as possible to represent similar test conditions. The points of interest can be seen in Figures
26 and 27: T1-Top surface, T2- Outside (near coil), and T3- Stuck into material (above coil
location). The results from this testing are shown can be seen in section 4.1.3 Heat testing on
coils (Embedded)
3.4.3 Magnetic Field Strength Testing
As previously mentioned, 8 cores were made for magnetic field testing. Using Ecoflex
00-20, 4 cores were made using Fe3O4 particles, from 60% weight fraction (w.f.) to 90% w.f.,
and 4 were made using iron filing particles, from 60% w.f. to 90% w.f. Using a gauss meter
(LakeShore 421 Gaussmeter: Westerville, Ohio), the different cores were tested to determine if
the weight fraction of particles affected the strength of the magnetic fields. Additionally, this test
was used to determine if a threshold exists based on the w.f. percentages that were used and
which particles tested provided the maximum magnetic field.
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To set up for this test, a 3D printed stand, seen in Figure 28, was designed to hold the
Hall probe, which measures a magnetic field and is
connected to the gauss meter. The stand was
necessary as metal structures, such as clamps or clips,
could interfere with the measurements of the
magnetic fields produced by the core and coil
assembly. Each core was tested using the same coil
(28 AWG 500 Turns). Before each test, the probe was
Figure 28: 3D printed stand for Hall probe.

zeroed, using the Zero Gauss Chamber function. Once
the core was assembled with the coil, it was centered under the Hall probe. The core/coil
assembly was placed 2 cm from the Hall probe as any closer could lead to inaccurate readings
per the device instructions. Each core was tested 30 times by turning on the coil briefly,
recording the magnetic field value in Gauss, then turning the actuator off. Measurements were
taken 1 minute apart to ensure the coil would not overheat and that there was 1.5 A in the coil
each time. The testing procedure effectively simulated the maximum magnetic field when the
actuator is initially turned on. The data was recorded and is shown in section 4.2.1 Magnetic
Field Strength Testing.
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3.5 Final Actuator Construction and Deconstruction
Using the selected cores and coils, the final actuators were constructed using the
embedding process described in section 3.2.4.
Figure 29 shows the first attempt at making a final
actuator for displacement testing. However, the top
surface was not uniform and led to difficulties in
measuring displacement. Therefore, the actuator
was disassembled to retrieve the embedded core
material. The disassembly process can be seen in
Figures 30 and 31.

Figure 29:FIrst attempt at embedding a Finalized
Actuator

Figure 30: Deconstruction of first attempt due to uneven top surface. Right side
demonstrates the “shell” surrounding the core and coil.

Figure 31: Deconstruction of shell in Figure 30, demonstrating the
ease of reusing materials.
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The non-uniformity seen in Figure 29 was due to excessive material being poured
between the core top surface and magnet. This caused the magnet to sit above the mold and
required extra material to be poured on top. This can be seen in Figure 32.

Figure 32: Magnet placement above mold, leading to additional material
needed to embed the magnet.

Once the core material was retrieved, the process was
repeated, ensuring the proper amount of material was added
between the core top surface and the magnet. The result was
the final actuator used for the experimental displacement
testing. As seen in Figure 33, the top surface was improved,
allowing for a more uniform testing surface. The small insert
found at the bottom of the actuator in Figure 33 was going to
be used in combination with a 3D printed base to ensure the
bottom surface was static. This was unable to be pursued due
to COVID-19 shutdowns of academic labs.
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Figure 33: Improved final actuator
with uniform top surface

3.6 Final Actuator Displacement Testing
Due to COVID-19 shutdowns, planned equipment, such
as a laser displacement measuring device, was unable to be used.
Displacement measurements were obtained from home, using a
set of calipers and boxes, which were used to mount an
improvised measuring device. The setup can be seen in Figure
34. In addition to the calipers, a camera was setup with x4 zoom,
to get a better measurement of displacement from the white stick,
seen in Figure 34. This white stick was made by removing the
ends of a Q-tip, placed in the center at the top of the actuator and
adhered with a small amount of glue to the surface of the
permanent magnet. This would allow for readings based on the

Figure 34: Displacement Testing
setup (Alternative due to COVID19)

movement of magnet inside the actuator. The observed
displacement in the actuator created a curved surface at the top of the actuator, making it difficult
to measure without the use of the stick. Therefore, the measured data was assumed to represent
the maximum displacement the final actuator was capable of.
Using this setup, the final two actuators were measured in both compression and
repulsion. The actuator was briefly turned on, the displacement of the stick was recorded, and the
actuator was then turned off. Ensuring that 1.5 A of current was used each time, a total of 30
measurements were recorded for both compression and repulsion for each actuator. The boxes
that the calipers were attached to were observed to hardly move and were assumed to minimally
impact the measured data. This is further discussed in the Discussion Section.
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Chapter 4 – Data
In this section, the results from the testing methods described above are presented. Coil
and core selection based on results are explained and material comparison for the final device are
also provided.

4.1 Coil Testing
4.1.1 Current testing on coils

Figure 35: 32 AWG coil with 400 turns was tested at 23.8 V (1.0A) to determine Current Drop after 1 minute.

Each coil was tested with 1.5 A of current to determine the final current value over the
course of a minute. This helped determine which coil has the least current loss, which would
affect the overall maximum magnetic field. The first gauge type to be tested was the 32 AWG.
The coil used was made with 400 turns and was connected directly to the power supply by
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exposing the ends of the wire. It was immediately apparent that the coil was unable to withstand
1.5 A of current. As such, this coil was tested with 1.0 A of current, at 23.8 V. In the 60 seconds
that the power supply was on, the coil displayed an average drop in current of 20%, which can be
seen in Figure 35. Since the proposed actuator was to be tested with 1.5 A of current, this wire
gauge choice was discarded.

Figure 36: 30 AWG coil with 400 turns was tested at 23.2 V (1.5A) to determine Current Drop after 1 minute.

The second gauge tested was the 30 AWG, using a coil made of 400 turns. Unlike the 32
AWG, the 30 AWG was able to withstand 1.5 A of current at 23.2 V. The coil was tested for 60
seconds and was found to have an average loss of 25%, which can be seen in Figure 36. This is
slightly higher than the 32 AWG, due to the larger range of current and higher starting point.
Since this coil gauge could withstand 1.5 A of current, it was compared with the 28 AWG wire.
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Figure 37: 28 AWG coil with 400 turns was tested at 14.6 V (1.5A) to determine Current Drop after 1 minute.

The last gauge to be tested was the 28 AWG, using a coil with 400 turns. Since the wire
diameter increased, less resistance was present in the coil. This led to a current of 1.5 A being
applied at 14.6V. Within the 60 seconds of data collection, there was an average loss of 14%, as
seen in Figure 37. Due to the decreased resistance, this result was expected based on Ohm’s law.
Although the choice could have been made solely on reducing resistance, size constraint was an
issue since the goal was to minimize the diameter of the actuator overall. Therefore, determining
the actual improvement between the different gauges was important. In this case, there was a 9%
improvement between the 30 AWG and 28 AWG. Based on this gauge’s performance, the 28
AWG was chosen as the final wire option for making the final coils for the proposed actuator.
The wire gauge was further tested for heat production during use.
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4.1.2 Heat testing on coils (In-air)
Based on the results from the current testing, a 500-turn coil was created for final use. As
previously mentioned, the coil was tested under two different configurations, one in-air and the
other embedded in Ecoflex. Figure 38 shows the data collected using 3 thermocouples for the inair testing.

Figure 38: Fe3O4 Core (60% w.f.) using a 500 Turn 28 AWG coil. The vertical dotted indicates the point in
time when the power supply was turned off.
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Figure 39: Fe3O4 Core (90% w.f.) using a 500 Turn 28 AWG coil. The vertical dotted indicates the point in time
when the power supply was turned off.

In Figures 38 and 39, the weight fraction of particles in the cores was changed. This was
done to determine if the weight fraction of particles had any effects on reducing the heat found in
the core and coil assembly. The coil used in both tests was the same one, but it was only used
again after it returned to room temperature. The thermocouples used recorded a data point every
second, for a total of 600 seconds (10 minutes). The dotted red line shows the time when the
power supply was turned off. From the plots, the Fe3O4 cores reached maximum temperatures of
162.4°F and 165.6°F, 60% and 90% respectively. This shows that the weight fraction had
minimal effects on temperature.
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In a similar manner, the core was changed to the core with the iron filings, but the same coil was
used. Figure 40 shows the data collected for the iron filing cores.

Figure 40: Iron Filing Core (60% w.f.) using a 500 Turn 28 AWG coil. The vertical dotted indicates the point in
time when the power supply was turned off.
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Figure 41: Iron Filing Core (90% w.f.) using a 500 Turn 28 AWG coil. The vertical dotted indicates the point in
time when the power supply was turned off.

From Figures 40 and 41, the iron filing cores reached maximum temperatures of 175.2°F
and 170.7°F, 60% and 90% respectively. This shows that the weight fraction had minimal
effects on temperature. However, the 60% iron filing core reached a concerning value of
175.2°F, which can potentially affect the permanent magnet, as previously described. As such,
the heat test after embedding the core and coil assembly was necessary, to determine if the heat
is dissipated before reaching the permanent magnet.
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4.1.3 Heat testing on coils (Embedded)
Based on the results from the in-air testing, the cores which were made up of 90% weight
fraction were used in the embedded samples. A second coil of 28 AWG with 500 turns was made
in order to create two embedded samples. For the embedded heat testing, heat absorption was of
interest, in order to deal with the heat which could potentially affect the permanent magnet’s
magnetic field. Figure 42 shows the data for the Fe3O4 core.

Figure 42: Fe3O4 Core (90% w.f.) using a 500 Turn 28 AWG coil (Embedded). The vertical dotted indicates the
point in time when the power supply was turned off.
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As previously mentioned, the thermocouple placement was slightly changed from the
ones used in the In-air testing, due to the embedding material. The new placement was made to
resemble the In-air testing as close as possible to represent similar test conditions. From Figure
42, we can see that the embedding material absorbs a good amount of heat, when compared to
Figure 39 (165.6 °F down to 101.6°F). Even at T3, where heat was measured between the core
and the magnet, the temperature only reached around 80°F at the end of 10 mins.
The iron filing core was tested next to determine if the material’s ability to absorb heat
was consistent. Figure 43 shows the results for the iron filing core.

Figure 43: Iron Filing Core (90% w.f.) using a 500 Turn 28 AWG coil (Embedded) The vertical dotted indicates the
point in time when the power supply was turned off.
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From Figure 43, we can see that the embedding material absorbs a good amount of heat,
when compared to Figure 41 (170.7 °F down to 101.1°F). Comparing the temperature of T3 in
Figure 42 to that of Figure 43, we can see a slight increase in temperature of around 85°F, but it
was still well below 176 °F. Therefore, we can determine that the embedding material used
helped to absorb the heat that would otherwise affect the permanent magnet.
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4.2 Core Testing
4.2.1 Magnetic Field Strength Testing
For the magnetic field testing, data was recorded for the 8 cores (4 using Fe3O4 particles
and 4 using iron filings) to determine the possibility of a magnetic field strength threshold.
Additionally, the testing provided information regarding which particles provide a stronger
magnetic field. Figure 44 shows the results for Fe3O4 cores.

Figure 44: Magnetic field testing on varying w.f. of Fe3O4 particles to determine the existence of a
threshold and best w.f. for maximum magnetic field strength.

As seen in Figure 44, the concentration of particles has a great impact in the magnetic
field strength present. From the data, we can see a percent increase in the magnetic field strength
from 60 to 70 of ~50.53%, 70 to 80 of ~52.53%, and 80 to 90 of ~2.83%.
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The slight increase in the field strength between 80 % and 90% seems to demonstrate a
threshold, where further increases in concentration past 80% would be unnecessary. However, in
looking more closely at the data for the 90% weight fraction, we can see a negative trend over
time. Figure 45 provides a closer look at the data for 90% weight fraction. From Figure 45,
magnetic field loss of ~6.67% can be seen. This magnetic field loss pattern was consistent
pattern in the other weight fractions as well. This behavior is further discussed in the Discussion
section.

Figure 45: Zoomed in values for 90% w.f. test from Figure 44 demonstrating magnetic field loss pattern.
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In a similar matter, Figure 46 provides the results for the iron filing cores.

Figure 46: Magnetic field testing on varying w.f. of Iron filing particles to determine the existence of a threshold
and best w.f. for maximum magnetic field strength.

As seen in Figure 46, the concentration of particles has a great impact in the magnetic
field strength present. From the data, we can see a percent increase in the magnetic field strength
from 60 to 70 of ~66.67%, 70 to 80 of ~24.47%, and 80 to 90 of ~14.23%. Unlike the Fe3O4
cores, there still seems to be a moderate increase between the 80% and 90% iron filing cores,
demonstrating that a 90% concentration would provide a stronger field when using iron filing
particles. Additionally, in looking closely at the data for the 90% weight fraction, we can see a
positive trend over time. From Figure 47, a gain in the magnetic field of ~3.12% can be seen.
The gain in magnetic field gain was consistent at the other weight fractions as well.
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Figure 47: Zoomed in values for 90% w.f. test from Figure 46 demonstrating magnetic field gain pattern.

Based on the results from the 4.1 Coil Testing and 4.2 Core Testing sections, the core and
coil selection were finalized to using two 28 AWG coils with 500 turns along with using 2 Fe3O4
cores, and the 80% and 90% weight fraction cores. However, due to limited material availability,
a second 90% weight fraction core was unable to be made. Since the 80% core proved to have
similar magnetic field values, it was assumed that it would perform similar to a 90% core. Using
these materials, 2 samples were made for testing the effects of mixing ratios in Ecoflex 00-20 on
displacement testing.
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4.3 Displacement Testing
4.3.1 Measured Displacement in Compression (1:1 Ratio)
The data below demonstrates the maximum displacement achieved by the soft actuator
using a 28 AWG coil with 500 turns and a 90% weight fraction Fe3O4 core. Using Ecoflex 0020, a 1:1 ratio outer shell was created to surround the core and coil. Two magnets were placed
5.08 mm from the core surface, allowing for material in between for compression. To verify the
calculations based on Equation [1], measurements were taken of the space to fill above the core
with a ruler and marked inside the mold to ensure the right of material is poured.
Table 1: Maximum Compression Displacement Values (Ecoflex 00-20 1:1)

Trial Compression (mm) Trial Compression (mm)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.152
0.127
0.127
0.178
0.127
0.203
0.102
0.127
0.152
0.127
0.102
0.127
0.102
0.127
0.152

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0.102
0.152
0.127
0.178
0.102
0.152
0.127
0.127
0.152
0.102
0.152
0.127
0.152
0.152
0.127

Table 1 demonstrates the maximum achieved displacement values for the 1:1 ratio
actuator. The actuator was tested in both compression and repulsion, with 30 trials (n) recorded
in each direction. For compression, the highest displacement was 0.203 mm and the lowest was
0.102 mm, displaying a range of 0.101 mm and an average displacement of 0.135 mm. Using
the Root Sum Squares approach [21], the standard error of the mean (SEM) and half the
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Instrument Least Count (ILC) were added and a total uncertainty was found to be 0.013mm,
indicating the accuracy of the measured average.
Figure 48 shows the compression data graphically, visually demonstrating the close
spread of the displacement values (blue dots). The dashed purple line indicates the average value
of 0.135 mm, while the red dotted lines above and below show the uncertainty of 0.013 mm.

Figure 48: Plot of Maximum Displacement in Compression (1:1 Ratio). The dotted purple line displays the average
displacement value and the dotted red line demonstrates the uncertainty calculated using RSS method.
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4.3.2 Measured Displacement in Repulsion (1:1 Ratio)
The data below demonstrates the maximum displacement achieved by the soft actuator in
repulsion. Table 2 demonstrates the maximum achieved displacement values for the 1:1 ratio
actuator. After testing repulsion with 30 trials, the highest displacement was 0.178 mm and the
lowest was 0.127 mm, displaying a range of 0.051 mm and an average displacement of 0.158
mm. Using the Root Sum Squares (RSS) approach, the SEM and half the ILC were added and a
total uncertainty was found to be 0.013 mm, indicating the accuracy of the measured average.
Table 2:Maximum Repulsion Displacement Values (Ecoflex 00-20 1:1)

Trial Repulsion (mm) Trial Repulsion (mm)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.152
0.127
0.152
0.127
0.178
0.178
0.152
0.127
0.178
0.152
0.178
0.152
0.178
0.178
0.127

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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0.152
0.178
0.127
0.152
0.178
0.152
0.178
0.152
0.178
0.127
0.178
0.152
0.178
0.152
0.178

Figure 49 presents the repulsion data graphically, visually demonstrating the close spread
of the displacement values (blue dots). The dashed purple line indicates the average value of
0.158 mm, while the red dotted lines above and below to demonstrate the uncertainty of 0.013
mm.

Figure 49: Plot of Maximum Displacement in Repulsion (1:1 Ratio). The dotted purple line displays the average
displacement value and the dotted red line demonstrates the uncertainty calculated using RSS method.
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4.3.3 Measured Displacement in Compression (1:2 Ratio)
The data below demonstrates the maximum displacement achieved by the soft actuator
using a 28 AWG coil with 500 turns and an 80% weight fraction Fe3O4 core. Using Ecoflex 0020, a 1:2 ratio shell was created for the core and coil and 2 magnets were placed 5.08 mm from
the core surface, allowing for material in between for compression.
Table 3 shows the maximum achieved displacement values for the 1:2 ratio actuator. The
actuator was tested in both compression and repulsion, with 30 trials recorded in each direction.
For compression, the highest displacement was 0.127 mm and the lowest was 0.102 mm,
displaying a range of 0.025 mm and an average displacement of 0.101 mm. Using the RSS
approach, the SEM and half the ILC were added and a total uncertainty was found to be
0.013mm, indicating the accuracy of the measured average.
Table 3: Maximum Compression Displacement Values (Ecoflex 00-20 1:2)

Trial Compression (mm) Trial Compression (mm)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.127
0.102
0.102
0.102
0.127
0.127
0.076
0.076
0.102
0.076
0.127
0.102
0.127
0.076
0.076

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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0.102
0.076
0.127
0.076
0.102
0.102
0.076
0.127
0.102
0.076
0.102
0.127
0.076
0.127
0.102

Figure 50 shows the compression data graphically, visually demonstrating the close
spread of the displacement values (blue dots). The dashed purple line indicates the average value
of 0.101 mm, with the red dotted lines above and below to demonstrate the uncertainty of 0.013
mm.

Figure 50: Plot of Maximum Displacement in Compression (1:2 Ratio). The dotted purple line displays the average
displacement value and the dotted red line demonstrates the uncertainty calculated using RSS method.
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4.3.4 Measured Displacement in Repulsion (1:2 Ratio)
The data below demonstrates the maximum displacement achieved by the soft actuator in
repulsion. Table 4 shows the maximum achieved displacement values for the 1:2 ratio actuator.
After testing repulsion with 30 trials, the highest displacement was 0.127 mm and the lowest was
0.051 mm, displaying a range of 0.76 mm and an average displacement of 0.075 mm. Using the
RSS approach, the SEM and half the ILC were added and a total uncertainty was found to be
0.014 mm, indicating the accuracy of the measured average.
Table 4: Maximum Repulsion Displacement Values (Ecoflex 00-20 1:2)

Trial Repulsion (mm) Trial Repulsion (mm)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

0.051
0.127
0.102
0.051
0.076
0.051
0.051
0.102
0.051
0.102
0.076
0.051
0.051
0.051
0.102

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

0.076
0.102
0.051
0.051
0.102
0.051
0.076
0.127
0.076
0.051
0.051
0.076
0.051
0.102
0.102

Figure 51 shows the repulsion data graphically, visually demonstrating the close spread
of the displacement values (blue dots). The dashed purple line indicates the average value of
0.075 mm, with the red dotted lines above and below to demonstrate the uncertainty of 0.014
mm.
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Figure 51: Plot of Maximum Displacement in Repulsion (1:2 Ratio). The dotted purple line displays the average
displacement value and the dotted red line demonstrates the uncertainty calculated using RSS method.

Based on the experimental results, a significant loss in displacement was observed in
Ecoflex 00-20 when the ratio was changed. The actuator made using a 1A:1B ratio was found to
perform approximately 25.2% better in compression and approximately 52.5% better in
repulsion (based on average values), than the actuator made using a 1A:2B ratio.
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Chapter 5 – Discussion
The goals of this thesis were to:
•

Develop an electromagnet coil using magnet wire and spool winder, allowing for soft
cores to be switched in and out of coil for testing.

•

Create a soft core using elastomeric materials and iron oxide particles, varying particle
concentration and determining any magnetic field changes.

•

Embed the electromagnet (with a core) along with a permanent magnet in an elastomeric
material and testing for displacement.

•

Determine the feasibility of the concept of a soft magnetic actuator embedded in an
elastomer.
Overall, the work performed in this thesis was a success. An improved process was

created to develop uniform coils for magnetic field testing, with various cores. The
magnetoactive core process allowed for early elimination of an unusable material and was
improved to obtain uniform core samples. Additionally, the effects of a varied particle
concentration were determined through magnetic field tests. The process of embedding the
electromagnet and permanent magnets proved to be a successful since the actuator did achieve
linear actuations, but with smaller displacements than anticipated.

60

5.1.1 Development of electromagnet coils
Initially creating coils by hand proved to be somewhat difficult and time consuming. As a
main component of the soft actuator, it was crucial to improve the process for creating uniform
coils. However, with the development of the 3D printed coil winder, creating uniform coils for
testing was a success. Using 28 AWG coil wire proved to be the easiest to work with, based on
the data previously provided. Since the proposed actuator was constrained to a 50.8 mm diameter
footprint (after embedding), wire gauge selection was limited. Based on the wire diameter,
number of turns, and bobbin dimensions, a simple table was made to show possible alternatives:
Table 5:Wire selection based on limitations

From the table, a potential alternative to the wire gauge used in this thesis would be the
26 AWG, considering the limitations of the bobbin and mold. Due to equipment limitations and
material availability, this wire was not tested, but could be a potential improvement for future
work.
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5.1.2 Development of magnetoactive cores
Just as important as the coils, the development of the soft cores was crucial for the
actuator prototype. The development of the magnetoactive core was successful. From the early
samples, Sylgard 184 was found to be too stiff for the proposed application, despite the mixing
ratio change. This led to using Ecoflex 00-20 as the main elastomer for the cores, which was
mixed with two different particles for testing. As mentioned in Section 4.2.1, there was some
interesting behavior in the magnetic field measurements for both the Fe3O4 and iron filing core
samples. In particular, the Fe3O4 cores exhibited a loss of magnetic field strength over time with
the samples, while the iron filing samples exhibited a gain over time with the samples. Based on
the observed behavior, it is believed that the particles were exhibiting something similar to
remanent magnetization, which “is magnetization left behind in a ferromagnetic material (such
as iron) after an external magnetic field is removed” [22]. The iron filings demonstrated this
behavior. Over time, the value of the magnetic field slightly increased, which can be attributed to
a remnant magnetization. However, the Fe3O4 particles exhibited an inverse behavior, potentially
caused by the particle size difference (3 orders of magnitude smaller). As such, future
investigation into this topic is suggested, potentially testing the particles with a magnetometer to
determine their individual properties.
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5.1.3 Displacement testing and Systematic Uncertainty
The original goal for the finalized prototype was to achieve comparable displacement to
that of a McKibben muscle, which can achieve approximately 10% displacement based on the
overall actuator length. In the final testing, the prototype samples were unable to reach this goal,
with the 1:1 ratio prototype obtaining about 0.28% based on the overall size of 50.8 mm and the
1:2 ratio prototype at 0.18%. Despite the small actuations achieved, it does demonstrate the
potential of using an electromagnet and permanent embedded in an elastomer. Additionally, this
goal was secondary to developing a soft actuator with bidirectional functionality, along with
obtaining an understanding of the effects of the material on displacement.
Based on the collected data and motion that was observed, it is believed that the
elastomers’ inherent properties introduced an energy dissipation effect. Liao et al. [23]
performed a study using different Ecoflex formulations with varying shore hardness. Results
from the study demonstrated that “with the increase of the Shore hardness, on the one hand, the
stretchability of Ecoflex is decreasing. On the other hand, an Ecoflex of higher Shore results in a
higher strength [23].” However, Ecoflex 00-10 had the second highest dissipation energy
density, shown in Table 6 (Taken from [23]).
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Table 6: Table taken from [23] regarding Dissipation energy.
Reprinted from Mechanics of Materials, Vol 144, Liao, Z., Hossain, M., & Yao, X. , Ecoflex polymer of different
Shore hardnesses: Experimental investigations and constitutive modelling., 103366., Copyright (2020), with
permission from Elsevier.

Assuming that the change in ratio caused the material to shift towards 00-10 hardness, the
dissipation energy density can be expected to increase. A possible reason for this is that this
property causes the material to act as a damper on the magnet’s motion, affecting the overall
displacement. Potential future work on the designed actuator to achieve an optimal design would
aim to have a material with a less cross-linked polymer, which would decrease the overall
stiffness. In turn, this could cause the material’s energy dissipation to increase, increasing the
damping factor of the material. As such, further investigation into the effects of material
properties is recommended, particularly related to studying the effects of different mixing ratios
on Ecoflex 00-20. Future investigations could improve the optimum values of the two design
parameters (stiffness and energy dissipation) and other design factors (such as dimensions, wire
gauge, etc.).
The uncertainty results shown in Figures 48-51 include random uncertainties, which
provide rationale for the outliers in the data that were observed. However, the uncertainty
calculations included minimal systematic uncertainties (1/2 ILC). The experimental set-up used
for displacement testing consisted of calipers that were attached to a set of boxes and a camera to
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analyze the small displacements that were achieved. A detailed description of the setup can be
found in Section 3.6. One factor, which was not considered in the calculations of uncertainty,
shown in Figures 48-51, was the potential for movement of the boxes during measurements,
which would affect the systematic uncertainty in the analysis. The box movements were initially
considered negligible and were not used in the calculations. Due to COVID-19, access to the
setup used for displacement testing was not available to quantify the magnitude of the box
movements and contributions to systematic uncertainties. Therefore, the uncertainty results
shown in Figures 48-51 might underpredict future values the device is capable of. Future work
should focus on quantifying the systematic uncertainties associated with the displacement
measurements. Additional details are provided in Section 8.5 of Future Work.

5.1.4 Feasibility of a soft magnetic actuator
In its current form, the novel bidirectional soft actuator developed in this research could
possibly be applied to a specific application, but would require further research and development
in order to compete with existing devices, such as McKibben Muscles, which have been
researched extensively. However, the designed actuator demonstrates promise for a smaller
footprint actuator, which has a soft exterior and bidirectional movement and validates the notion
that further research should be done in this area.
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Chapter 6 – Conclusion
In this thesis, I studied both the properties of the chosen silicone elastomer, Ecoflex 0020, and the electromagnetic properties of the soft solenoid and their effects on the displacement
of a bidirectional soft actuator. After determining the best coil based on current and heat tests,
the best core based on magnetic field tests and the material to use for embedding, the following
conclusions can be drawn:
•

Based on temperature testing and displacement testing of the embedded samples, heat
was not shown to impact the permanent magnet’s magnetic field. This suggests that the
Ecoflex 00-20 material absorbed the heat without affecting displacement.

•

Based on the magnetic field testing conducted on the various core samples, cores made
using Fe3O4 particles provided higher initial magnetic field strength. However, cores
made with 80% and 90% weight fractions were found to have very similar magnetic field
values, with only a 3% variance (based on average values). A possibility is that a
threshold may exist at 80% weight fraction for the Fe3O4 particles.

•

Based on the experimental results, a significant loss in displacement was observed in
Ecoflex 00-20 when the mixing ratio was changed. The actuator made using a 1A:1B
ratio was found to perform approximately 25.2% better in compression and
approximately 52.5% better in repulsion (based on average values), than the actuator
made using a 1A:2B ratio. This may suggest that the observed decrease in stiffness due to
the ratio change (from 1:1 to 1:2) lead to a less cross-linked polymer, which in turn lead
to larger dissipation of energy, which led to overall smaller displacements.
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Chapter 7 - Social Context
With soft robotics becoming more popular among universities, like Harvard and MIT,
new applications are appearing in all kinds of fields, from medical devices to search and rescue
[24]. This is due to inherit nature of the soft robots, as they provide a softer alternative to their
rigid and stiff counterparts. However, these soft robots are limited by their hardware constraints,
requring air compressors and many tubes to provide actuations, increasing the amount of items
needed in a system. Additionally, dense materials, like metals, can also cause an increase in
weight in the robotic device. The goal of my reasearch was to develop a bidirectional actuator
with functionality similar to a metal solenoid, embedded in an elastomer material. This proof of
concept may lead the way for new robotic devices, which use this actuation to micmic muscular
functions in humans and animals. These devices would be made with soft exeriors and could be
lighter and cheaper than metal equivalents.
The actuation achieved by my proposed research could also be implemented in designs
that might require a damping system that is realtively cheap and lightweight. The inherent
properities of the elastomer provide the device with a viscoelastic exterior which could deal with
large vibrations. Additionally, if the actuation mode is switched to repulsion, the opposite
magnetic fields would provide an additional damping factor.
Lastly, based on the current form of the actuator, a scaled down version could be
implemented to be used in applications which require mirco-displacements. Additionally, the
magnetic actuator concept could be maintained, but the exterior and overall design could be
changed, allowing for versatile applications of the device.
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Chapter 8 – Future Work
8.1 Material Choice
For the purpose of this thesis, materials that were available in the lab were used for
testing. However, the full range of these materials was not tested, as it was outside the scope of
this thesis and could be its own project. For this thesis, the focus was on using a material that soft
and capable of being used to embed functional items. Ecoflex 00-20 displayed great physical
properties such as heat resistance and decreased stiffness, when compared to other choices.
However, in the interest of time, only 2 ratios were tested (1A:1B and 1A:2B).
As such, further investigation into this material could yield a better ratio. Creating a
matrix of various ratios and testing the physical attributes by creating “dog bone” material
samples could provide significant information about the base material. Further information
regarding testing could be based off the article by Liao et al. [23], with the aim of decreasing the
overall stiffness of the material, while reducing its energy dissipation, which would otherwise
limit the actuator’s maximum displacement. Further information about the elastomers could help
future designs of soft actuators and the field of soft robotics.
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8.2 Core/Coil dimensions
Since the overall footprint of the designed actuator was restricted, the core dimension was
simplified to be 25.4 mm in both height and diameter. This affected the overall inner and outer
diameter of the coil, limiting the size of the coil as well. In the interest of time, these parameters
were assumed to be negligible. However, determining if the core can be reduced in order to
increase the number of turns could be its own project. As such, further investigation into this
topic is suggested, providing further research into maximizing the magnetic field strength for
future soft actuators that might use a soft core/coil assembly.

8.3 Time Permitting Goals: Soft magnet and Two coils
Due to COVID-19 shutdowns of academic labs, some tests and goals were unavoidably
canceled and missed as potential information. One potential experiment included the creation of
a soft magnet, using elastomer and particles, which would be cured in a permanent magnetic
field and replace the solid permanent magnet used [8]. This would allow for an actuator which
would be one step closer to a fully soft actuator.
Additionally, a second experiment which could be implemented would be the use of a
second coil being embedded in the actuator. This would require a redesign of the layout inside
the actuator but could provide information about the possibility of a stronger magnetic field due
to two coils providing magnetic fields in the same direction. Some inspiration can be found from
Helmholtz coils [25], which are capable of producing a region with a nearly uniform field.
Further investigation into either of these two projects is suggested, allowing for further additions
to the field of soft robotics.
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8.4 Geometric Removal of Materials and its Effects on Displacement
This improvement for the proposed actuator would be by far the most ambitious design
alteration. If the space between the core/coil assembly and the permanent magnet was
sufficiently large enough, potential “geometrical cut outs” could be made to analyze the effect of
material removal on improving overall displacement. Since the magnet is limited on the force it
can apply to the Ecoflex material, the actuator could benefit from removing the material in
between the magnetic fields to achieve larger displacements. However, this could prove to be a
difficult task and would require extensive rework of the CAD model for the embedding mold.
Further investigation would be recommended, allowing for potentially a whole new novel
actuator and contribution to the field of soft robotics.

8.5 Measuring Displacement and Uncertainty Improvements
Due to COVID-19 shutdowns of academic labs, the intended laser displacement sensor
which was to be used for displacement testing was unavailable. As such, the improvised setup
described in Section 3.6 was used. However, future work could focus on using the intended
device to achieve more accurate data. Additionally, information on building a new setup and
procedure could be gleamed from Kashima et al., as they provide a detailed description of their
use of a laser displacement sensor.
As mentioned previously, an improvised setup was used to obtain displacement data.
However, this setup has additional systematic uncertainty that was not considered during the
uncertainty analysis, which might underpredict the actuator’s capabilities. Therefore, a future
study should focus on determining this uncertainty to achieve a better prediction of the actuator’s
function. To do this, the setup could be replicated, and two blocks could be machined with
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accurate dimensions. Block A would be machined to represent the zero-starting point for the
calipers, simulating the starting position used in the experiment. Then, block B would be
machined with a height difference on the same order of displacement as the proposed actuator, in
this case an average displacement of 0.158 mm. Once the system is zeroed with block A, the
block would then be switched out with block B to simulate a known displacement. With the use
of these two blocks, a better understanding of the system could be gained to determine if there is
something in the system, or how it is being used, that could systematically offset all the
measurements by some amount. This potential offset would represent the systematic uncertainty
in the recorded measurements.

71

Chapter 9 - Acknowledgements
I thank my partner Emma for your constant support and patience throughout my thesis
journey. I thank my sister for your acting as a role model in the academia world and showing that
hard work pays off. I thank my parents for supporting me through my time in school and
reminding me of my Hispanic roots. Thank you, Dr. Lamkin-Kennard for the permission to use
your lab, your academic guidance and support during COVID-19, and patience helping me with
my research. I would also like to thank my thesis committee: Dr. Ghoneim and Dr. Gomes, for
your time and support over the past year with my research.

72

Appendices
Appendix A: Arduino code for coil winder
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Appendix B: Drawings for Coil winder
Coil Winder Base Drawing:
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Wire Spool Holder 1:
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Wire Spool Holder 2:
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Coil Spool 1:
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Coil Spool 2:
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Coil Spool Holder:
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Servo Attachment:
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Assembly Exploded View:

Assembly View:
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